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RESISTANCEOF IW4CTORTOP SHIELD TO TANK VACUUM

IWF.OIXXTHON

ReactorTechnolcIgyrequested(l)an analysisof the effeet of a vacuum in the
mocle~atorspace on the top shieldand shield supper.str~cture. A vacuum
conditioncmld conceivablyoccur followingsudden condensationof a large
quantityof steam,or from rapid loss of moderatorfrom a DzO leak. Earlier
anal).sesof bucklingresistancesof the reactor tank walls(z,j) concludedthat
the resctortank wall could wi~hstandf~ullvacuum. Owing to uncertaintiesof
the top shield resistance,vacum breakers(4)were installedfor relieving
negati~wpressures. For other reasons,replacementof vacuum breakerswith
rupturedisks h- been proposed,promptingre-examinationof the need for the
vacuumbreakers.

This ~~orkanalyzesthe structuralresistmces of the top shield ad its sw.~ort
uncler accidentloadingconditions. The loading is approximatedas a step ““’
fm,ction,or instmt ci~nge frum one load levei to another. DYIIamiCloadingaS
well as staticload changesare considered. The actuallo~d charge is estimated
to occur in less than 0.5 second;the step functionapproximation. exaggerates
the d>-nmiceffect,resultingin a conserv:.ti.vecalculation. The numericalresults
of t!)estudyprcvide a qumtitacilre.assessment.of.stmcturalsafety and the
necessityof vacuum relief.
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SuMARY

The top shieldstructuresof the three operatingxeactorshave been analyzedfoT
responseto loadingresultingfrom a suddenvacuun in the moderatorspace under
the top shield. The resultsare smnmarizedas follows:

1. The top shieldstructuresincludingtheir supportingbetis are
adequateto sustainthe effectsof a full vacuum. Under the
combinedloadingof 600 Mark-15 assembliesand imposition’of a
full vacuum,all structuralmembers respondwithinelastic limits,
hence,the provisionof vacuum breakersis not consideredessential.

2. The most severelystressedmembers of the structuresare the support-
ing beams of the top shield-sin P- and K-Area. Stressesextend to
87% of the yield strengthof steel. The supportingbeams in C-Area
are of differentdesignand are stressedto about 65% yield.

3. Regardingthe top shieldsalone, all designsare equallystrong,
structurally.For the accidentloading,the factorof safety
againstinelasticdeformationis greaterthan.2.3.

DISCUSSIOii

The Structureof Top Shields

The top shieldsfor the productionreactorsat SRP are stainlesssteel structures
of complextube-sheetassemblies. They are designedin the shape of a circular
box stiffenedby open ended tubes servingas conduitsto the reactorinterior.
Each of the three top shielddesignscliffers in detail,but the variationsare
small so their effectson the overall structuralbehaviorare considered
secondary. The top shieldof the P-reactoris a typicaldesign [Fig.1): Its
primarybox-likestructureconsistsof two circularplates. The circularplates
are perforatedand welded to 841 tubes that occupythe centralregionof the shield.
673 largetubes are distributedin a uniformtriangularpattern, in which 168 small
tubes are interspersedin a hexagonalarray. Fig. 2 showst~ical tube spacings.
In the outerregionof the shield,structuralrigidityis providedby the wrapper
plate and 18 web plates.

Accessoriesof the primary structureare designedmainly for purposesof radiation
shieldingor easy assembly. Attachedto the bottomplate of the top shieldare a
baffleplate,a deflectorplate, four chimeplates and a dozen bearingpads. Four
liftinglugs and six centeringgruovesare welded to the top plate. The interior
space of the box-likestructureis filledwith small raschigrings cut frcm thin-
walledtubesof stainlesssteel. Ewing operation,water circulatesthroughoutthe
interiorby 36 inlet+d outletpipes. These pipes do not stiffenthe primary
structure,becausethey are welded only to the top plate of the structure;their
lowerend-sare connectedto the baffIe plate which is not rigidlyfixed to the
primarystructure.

.

Ml tubularconduitsof the top shield are in alignmentand centact with those in
the plenum,so the weight of the plenmn,togetherwith that of the hangingfuel
assemblies,is transmittedthroughthe contactarea to the top shield.
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Loadingand SupportConditions

Most of the loadingon the top shield is transmittedthroughthe bearingring of
the main tank to a set of 12 W (WideFlange) cantileversthat are anchoredm
conc~te at -5’ elevation. The bearingring is welded to the flexibleexpansion
ring of the tank wall. Becausethe expansionring is highlyflexible,it isolates
the loadingon the top shieldfrom that on the rest of the reactorenclosures. A
smallportionof the top shieldloadingis carriedby six inletnozzle pipes that
are connectedto the plenum. Becausethe plenum is a much more flexiblestructure
than the top shield,deformationpattern of the folmerconforms,for small deflec-
tion,to that of the latter. For conservativeestimationof structuralintegrity
of the top shieldand its supportstructure,the constrainingeffect of these
inletpipes is not consideredin this analysis.

Iln-ingnozmal reactoroperation,the top shield and the fuel assembliesare sub-
merged in processwater, therefore,in the event of a loss-of-coolantaccident,
therewill be a loadingincreasedue to reductionof bouyancy. If the disruption
in the supplyof coolantis followedby generationand condensationof steam, the
top shieldand its supportingcantileverswill experiencea secondsurge of load-
ing due to suddendepressurinationduring steam condensation.The magnitudeand
&ration of the @ulsive surgecan be conservatively,estimatedwithoutdetailed
thermodynamicconsiderations.The magnitudeof the loadingincreaseis limitedto
one atmosphere? i.e., the maximumreductionof pressurethat can occur below the
top shield. Snce the gasplenum (the space betweenthe top shield and the plenum)
maintainsa pressureat 5 psi, depressurizationbelow the top shieldwill cause a
downwardflow of the coolantthzt is still held in theannular gaps between the
top shieldconduitsand the housfigsleevesof the fuel assemblies. The duration
of the pressureimpulseis limitedto about cne-sixthof a second,the time re-
quiredto flush the coolantthroughthe annulargaps. Estimationof the time
durationis.shown in AppendixA. Gnce the annulargaps becomefree of residual
coolant,plenum gas startsto permeateirto the tank interiorand relievethe
pressureon the tou shield. The rate of pressurereliefis consideredmuch smaller
than its buildup& view of the small passagesand low upstreampressurefor blanket
gas flow.

The time historyof the loadingon the top shield is plottedin Fig. 3. The loading
is expressedin termsof uniformpressureover the grossarea of the top shield,and
the zero time is set at the onsetof vapor condensation. To simplifyanalysis,a
singlestep function(thesolidcurve in Fig. 3) is used to approximatethe pressure
variation(thedashed curve) as describedin this section. Since the step loading
exaggeratesthe condensationeffect (bothin maemitudeand rate of change)and its
attenuation,the analysiswill lead to a conservativeestimationof stressesimposed.
Calculationof the pressurevariationsis based on the weight and geometryof the top
shieldand its accessories.AppendixB shows the detail.

The temperatureof the top shieldstructureis not uniformthroughout. Insidethe
top shield,lightwater ci~culationis not interrupted,so the temperatureis more
or less constantaround40 C, and slightlyhighernear the bottom. The deflector
and chimeplatesbelow the top shieldserve to shieldthe bottomplate from the
high temperaturesteamprior to condensation. The averagemetal ~emperatureof the
bottomplate is conservativelyset at 70°C near the centerand 65 C around the edge,
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hence the wrapperplate is subjectedto a temperaturegradientof ZS°C across its. .
height. Thermaleffectsdue to such a temperaturechangewill be includedin this
study. In view of the differencein the heat capacitiesbetween steel and steam,
and the temperaturerange in consideration,the thermalloading is conside~d slow
in its build-up,so it is a static

Methodof Analysis

The structuralanalysisof the top
effectsdue to static,dwamic and

effect.

shield and its supportsconsistsof analysesof
thexmal lo?~~ngconditions. Accordingto the

smalldeflectiontheo~ for perforatedplates‘=),-theelasticresponsesare linearly
independent,thus amenableto separateanalysesand superposition. In this study,
the staticand dynanicloadingconditionsare obtainedby dtiomposingthe loading
historyas shown i: Fig. 3 into a steady-statepressureps = 13.90psi, anda sudden
pressurep

$
= 16.58psi. Thezmaleffectsare includedin the static analysisin

view of th slow metal responseto the temperaturechangesin air.

The generalprocedu~ for analysisof perforatedplates(6) is Outltied~ follolvs,

STEP 1. Establishan equivalentsolidplate hav~g the sane dimensionsas
the perforatedplate and effectiveel~tlc modulus E* and Poisson’s
ratio v*. These effectivematerialconstsntsare obtainedby
modifyingthe true values of elasticmodulusE and Poisson’srati~
v respectively. Precisevariationof E* and v* with respectto
the geometryof perforationpatternwas shownextensivelyin Refer-
ence 7.

STEP 2. Calculatethe stressesand deflectionsaccordingto classical
theoryof plates. When the perforatedplate is part of a stmcture,
as in the case of the top shield,the classicalstructuralanalysis
applies.

STEP 3. Calculatelocal stressvariationat a particularperforationboundary
accordingto exacttheory of elasticity. The perforationis treated
as a set of holes in an infiniteplate and the stressesobtainedin
STEP 2 are consideredas loadingconditiom at infinity. Reference
7 also furrishedsuch informationin termsof stressconcentration
factor,i.e., the ratio of the stressat perforationboundaryto the
nominalstress.

For a platewith a doubly-periodicpattern of ciralar holes, the perforationgeometry
can be describedby two perforationparameters‘1* and k ;* definedby d/bl and d/b
respectively,where d is the hole diameter? ?b tke small~stdistancebetweentwo ho es,

i“and b~ is the hole suacincmeasuredin a chre tlonueroendicularto b“.”.As shown in
Fig. ~, the perforationp&-ametersfor the top shield~lates are J

*

‘1
= 0.63, A2* = 0.36

for d = 4.385 inches,bl = 7 inchesand b2 = 12.12 inches. The inside diameter
the largetubes is used for the hole size to acco~mtfor the stiffeningeffects

of
of
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tubes ‘8) The variationof the effectivematerialconstantsin terms of Al’ and
).2*is shownin Fig. 4a,b as reproducedfrom Reference7. It indicates

E* = O.SE, V* = 0.3 V

The effectof the hexagonalpatternof small tubes is not includedin consideration
of the equivalentplate. Becauseof the smallperforationparameters (A1*= 0.13,
A2* = O.07), the change in materialcomtarts is insignificant.

When the top shieldstructureis treatedas a closed box made of two equivalent
solidplatesstiffenedby a wrapperplate and a set of internalbracings,its
flexuralrigidityis

E*H2h

*[

2
D* .

2(i-v 2, @ + +$
)

where h = 1 inch and H = 40 inchesare the thicknessof the plates and the height
of the top shieldrespectively. Derivationof D* is shown in AppendixC.

StaticAnalysis

The simplysupportedstructureof the shieldis decomposedinto two equivalent
solidplatesand a wrapperplate for separateanalysis. At their boundaries,the
radialforcesQm and QaT, and bendingmomentsMaB and L!aTper unit lengthof the

circumferenceare unlmown reactionsto be determinedby considerationof consistent
deformation.The subscriptsB and T signifyquantitiespertainingto the bottom
and top PIatesrespectively,and the subscripta indicatesthe radius (or circum-
ference)of the plates. Externalloadingapplied to one of the plates is transmitted
by the ‘connecti~gtubes to the other. it &n be shown that
tivelytransmitabout one half of the load;hence,

%3=‘aT
= + Ma

Qti = QaT= Qa

1
p~B= PST= ~ Ps

In cylindricalcoordinates(r,z) with the centerof the top
their origin,t]le~}asticresponsesof the plates,based on

theoryof plates ( , can be readilyobtainedas

the~e tubes can effec-

(1)

sl-~eldstructureas
the small deflection

. . . .



,:”

,.

., ..,,

,,

,,,

G. F. MEW , -6- DPST-77-504

‘~=+- [%,..2(=- $)+”.-4
where u and w are the displacementcomponentsin the directionsof r and z,
u and u are the radial and circumferentialstresses,and the upper and lower
s?&ns re!?erto the top and bottomplates respectively.

The elasticresponsesof the wrapperplate under edge loadingQa and Ma are
characterzed solelyby its radialdisplacementii. Its govemmg differential
equation(10)has the followingsolutionsatisfyingthe boundaryconditions:

[

2 2 QaH sinlcos~ - “a~(COSACOShi+ Si.ilS~)
bl=-

2EL L3 sinh2h - sin2i 1
~ = 3(1-v2)H2

[

Q# cosasiti- ~~~(cosXcoshX- sin.isi.nhl)

2 2E)3;3
sinh2A - sin2,1 1

where fiis the thicknessof the wrapperplate.

(2)

(3)



. . -4.

,., , ,.

G. F. MERZ -7- DPST-77-504

For consistentdeformationof the plates along theircommonboundaries,i.e.,
r = a and Z = + O.5H, the geometricalconditions(Fig.5) require

u + ~ = }(TB ~ TT)aa

(4)

.

(
where the righthand side of the first equationis the radial changedue to the
differenceof temperaturesT and TT for the bottom and top plates respectively,

!and a is the coefficientof hermil expansionfor stainlesssteel.

,-+

Substitutionof the elasticresultsof Eq. (2) and (3) in Eq, (4) leads to a

set of equationsfor the solutionsof unknownreactionsMa and Qa.

‘1QaH(~ + ~) - Ma(f2+0 = q- [TB-TT)+ $p5a2

Q#f2 - Ma(2af3+0 = ~p~az

~= 8k2aD D= G’

(l+V*)HD*‘ 12(1-V2) ‘

(5)

I

For the top shieldstructurein considerationthe value of A is sufficiently
large,such that f~, f2 and f. are all close to unfty, and 6 is negligiblysmall,
so the solutionto Fq. (S) cd be approximated.by

Ma .
2

w (TB-TT). (A-l)~aD 2
(l+”*)HD*pSa

Qa . 16a3@(TB-TT) + (Zk-l)kzau 2

H’ (1+v*)H2D* p ‘a

(6)
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in the wrapperplate
bendingand shearing

occur at the edges joiningthe flat
stressesare respectively,

‘.

3Qa
7
-=3

(7)

For the equivalentcircularplates, the maxti stressesare tensilefor the
bottomplate and compressivefor the top plate. At the center of each plate,
Or=” ‘E)= ‘max’‘d

s
[

* - (2k2-2A+l)AaD
max= H&S 1P5a2 -

8(2~~l~2@ [TB-TT) (8)
(l+V%)HD*

Stressconcentrationat the
Reference7. The variation
is reproducedin Figure 4C,
is less than 3, or

rim of a hole near the center is consideredin
of stresswitfirespectto the perforationparaneter
where for 11* = 0.63, the stressconcentrationfactor

am+ 3sm

The structimaldata of the top shield are listed

E = 30(10)6psi E*

v = 0.3 psi “*

-6 .
a = 17(10) m./in-°C

h=lin.

H=40 in.

c = 0.5 in.

a = 112 in.

A = 3.435

D = 0.3434(10)6lb-in.

D* = 12098(10)6lb-fi.

(9)

as follows.

= 15(10)6psi

= 0.09
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the loadingconditionsof ps = 13.9 psi and TB - TT = 25°C,
are calculatedas

Ma = 1071 in-lb/in.

Qa = 187.6 lb/in.

6- = 12.35 ksi, ~- = 0.56 ksi

s = 0.68 ksi, u- = 2.04 ksi
max

The maxim-mstressZ is due to bendingof the wrapperplate #ong the circum-
ferentialedges. Eq~a’6)shol,sthat the thermaleffeet of a 25 C temperature
changecontributesabout 90% of the edge bending,therefore& is mostly a thermal
stress, It is noted that the effectof edge bendingon the o~~all lateraldeflec-
tion of the top shield,as indicatedby the first equationof Eq. (2), is less than
4%.

DynamicAnalysis

The transversemotion of the top shield to a suddenlyappliedpressure pd is
governedby (11)

where x = r/a is the dimensionlessradialcoordinate,t is the ttie variable,
and P is the mass per unit area of the structure. The solutionto Eq. (10)for
the simplysupportedstructurethat is iritiallystationaryis

4m
Pad “W(x,t) = —

I
Cnfn(x)(1-Cosunt)

D* n=l

with

fn(x)= 10(kn)Jo(knx)-J.(kn)10(knx)

rl

(lo)

(11)
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(12)

are Bessel and modifiedBessel functionsof m-th order.
in the form of Ea. [111representsthe whoIe spectrum

of vibratingmo~es with deflectionshapesfn(~)&d- cir-cularfrequenciesu 7(21T).
The effectof each modal componenton the overallmotion is determinedby ?he
participationfactorC . The value of C diminisheswith increasingn, and for a
prescribedaccuracy,tflenumberof modesnrequiredfor approximationincreaseswith
structuralflexibility.

The solutionto the characteristicEq. (12)is graphicallyrepresentedby the
intersectionsof the straightlinewith the curves (Fig.6). For the top shield,
the first three roots are

kl = 2.4, k2 = S.43, k3 = 8.58

The correspondingcircularfrequenciesand participationfactorsare

u
‘2 = 204cps, ~-+= 31.6 CpS, ~ ‘3 - S09 qs,

Cl = 31.51(10)-3, Cz--=0.10(10)-3, C3 = 6.3(10)-6

Theseparticipationfactorsindicatethat use of the fundamentalmode for the over-
all responseintroducesan error less than 1%, so Eq. (11) is simplifiedby

4
w (x,t) = Clpd * fl(x)(l-cosult)

D*

whosemaximumdeflectionshape is
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8y definition(AppendixC), the stress componentsare

a2
[

U8(X) = zc~pd~ ‘*fl“ (x) + *f;(x)]

where the primes denotethe derivatives.

The maximmnstressoccursat the center of the circularulates. and both stress
componentsare of equalmagitude. Computed

pd = 16.58psi, v* =

a = 112 inches, H=

the maximumeffectivestress is

s
max

= Ur(o) = Cre(o) =

frcm the foilowingdata

0.09, f; (0) = -6.094

40 inches”;h = 1 inch

and the higheststressdue to concentrateion at

am ‘ 3-s = 6.54 ksi
Max

Analysisof Supporting Beams—

2.18ksi

the hole rim is

The top shieldis supportedon 12 wide flangebeams equallyspaced
circumferenceand in radialdirections. Thesebeams were anchored
recessesin the thick concretewall surroundingthe reactortank.
trudesaboutone foot outsidethe cylindricalwall and acts like a
loadin~(Fig.7). The reactionR for each befi due to static and dynamicloadingon

along its
in 12 cave-like
Each beam pro-
cantileverunder

the to; shi~ldat any time is

JP ~dll]
2

R=#[@S+Pd)A+

A

where A is the area of the top shield,and the integralrepresentsthe inertial
effectof the structure. It can be shown that the time dependentintegralhas a
maxti~lvalue of cpdA, so the maximum load on the beam is
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~=<r
2 lPS

+ (l+C)pd1

[

J1(Kl)
c=‘%4JO%) -- +

For p~ = 13.90psi, pd = 16.58psi, a = 112 inches,Eq.
and

R= = 140,000lbs.

DPST-77-504

(1S)gives C = 0.73

The beams are of 14 W- 142 cross-sectionaccordingto the P-reactordesign, and
each beam,is anchoredby four 2 inch diameterbolts at distancesof 22 and 56
inchesfrom the loadingend. By equilibriumconsideations, the tensile stress
in the remotebolts, the bendingstress in the flange,and the shearingstress in
the web of the wide flangesectionhave, respectively, the followingmaxinum
values:

22

(1

140
‘bolt = — — = 14.4 ksi

56-22 2V

140(zz)- 13.8 hiu =——-
226,7

1140 ~~ (14C7S2-12.622)+ 12.622 = 15.6 ksi
‘= = ~ 10.6~

StructuralResistance

The materialused for the constructionof all top shieldsis 304 stainlesssteel.
For the supportingbeams, ASTI1A36 carbonsteel is the primarystructuralmaterial.
Other steelsare used for pins, nuts, paddingplates,etc. Static strengthsof
the structuralmaterialstestedat room temperatureare listed as follows.
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Steelresistanceis generallyhigherunder dynamic loadingbut lower at higher
temperatures.For the rangeof temperaturesconsideredin this study,variation
of materialstrengthis not appreciable.

Combiningthe numericalresultsof the static and dynamicanalysesof the top
shieldstructure,the maximumstressesare less than 13 ksi in the wrapperplate
and 8.6 ksi in the perforatedplates. So the top shield structureof the P-reactor
is elasticallyresistantto a loadingabout 2.3 times that consideredin the study.
P.esistanceof the top shield for the C-reactoris consideredat least as great.
Structurally,the only designclifference involvesthe locationof support. The
C-designuses 12 bearingbracketswelded to the upper side of the wrapperplate.
Sincethe wrapperplate is thickerin regionswhere the bearingbracketsand the
web platesare attached,applicationof the resultsof the P-alesign is hence con-
servative.

Stressresultsof the supportingbeams of the P-reactordesign indicatethat the
web sectionsof the wide flangebeams will be most severelystressedto 87% of the
elasticlimitof steelunder dynamicloading. The level of stresswould be con-
sideredtoo high for design loading,but allowableunder accidentconditions. For
the C-reactordesign,the supportingbeams (14W 342) and the anchoringbolts”
(2.25 inchdiameter)are considerablyheavier. The spacingof the anchoringbolts
is also different;as a resultthe most limitingstress”(23.3ksi) is in the remote
anchoringbolts and well within the yield strength.

WFY :vpb
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APPEiDIXA

FLOW OF RESIDUALCOOLANTIN ANNULARGAPS

In a loss-of-coolantaccident,the flow of water in the annulargaps betweenthe
housingsleevesof the fuel assembliesand the conduitsin the top shield is
imoededbv shear resistance. For the wssible range of flow velocitv in the ~aus
ca~sedby’a leak of 75,000gpm, the
(12)is estimatedby

Rf = kvz,

fl~w is turbul&t, and

k = 0.04pA(&#k

the viscok resist-a~e

(Al)

where p is the mass densityof water, A is the liquid-metalcontact area. u is
the coefficientof water viscosity,h is the gap ~~idthin the 4“ positions”and
v is the mean flow velocity. Water on top of the top shield does not flow down
the sleeveannulusbecausethe sleevesextend above the shield 6 inches,equal
to the weir height. This waterwill flow aroundthe outside edge.ofthe shield
to the tank,but will require 2 secondsto vent. The annular flow analyzed
here vents first, and is controlling.

Let F be the drivingforcedue to steam condensationad the gas plenum pressure,
and W be the weight of water in gaps; then the downwardflow by first order
approxtiation is simply

where g is the gravitationalacceleration. If k is consideredconstantat some
averagevalue of v, the solutionto the equationof motion becomes

V=igtanb (at), a = ~ k(F+W)%

(M)

(A3)

Using P = 66 lbm/ft3,A = 5100 ftz, h = 0.0055ft and p = 0.593(10)-5lbm-sec/ft2,
Eq. [Al)gives k = 15 at v = 10 ft/sec. For F = 11820 lbs, and W = 870 lbs, the
flow velocityis

V = 29 tanh(16.15t) (A4)

where t is in seconds. The maximum mean velocityis 29 ft/sec. Tle displace-
ment in feet is obtainedby integrationof Eq. ‘(A4),

S = 1.79 Ln(cosh16.15t) (A5)

To flushthe water throughthe top shield,S = 3.33 ft, the time requiredis
t = 0.16 sec.
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TOP SHIELDLOADINGCALCULATION

The unit load on the,top shieldis based on its gross area (39400Sq. in.”,
Il,g-W131857)and the net downwardforces on the structurebefore and during the.
eventof a large scale leak (D20at 75,000gpm). Prior to the accident,the net
load is equal to the weightof the hardwareminus bouyancy. The total weight
and bouyancyforcesare listedas follows:‘

Plenum with D20’13)

Top shieldwith H20

USH and bottom fitting

Full charge,Mark 15’14)

Total Weight

130uyancyof top shield

Bouyancyof assemblies

Total Bouyancy

+ 61100 lbs

+ 206600 “

+ 21000 “

+ 333000 “

+ 621700lbs

-45600lbs

-28600 “

-74200lbs

Net Unit load = 62170~9~0~4200= 13.90psi

As the levelof moderatorrecedes (at a rate aboutone foot per secondwith no
emergencycoolant inflow), bouyancyforces diminishrapidlyduring the early stage.
Its effecton Lhe top shieldis an increase of pressureto a level not greaterthan
15.78psi.

Prior to onset of steam condensation?the pressuredue to steam generationtends to
reducetop shield loading. The magnitudeof steam pressureis assumedto be small
becauseof large leakage.
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~P SHIELDFLEXURALRIGIDITY

For smalldeflection,bendingof the top shieldintroducescompressiveand tensile
stressesin the top and bottomplates. Choosingz as the distancefrom the neutral
plane, i.e., the plane of zero stressif the shieldis solid, for symmetricalbend-
ing of a circularplate, the radialand circumferentialstresses,u~andu in the
plate are functionsof the derivativesof the lateraldeflection ‘a’
,...
{.1>)

w,

where E and v are materialconstants,and r is the radial coordinatefrom the plate
center. By definition,the radialand circtrnferentialmoments are

&I-h

where

is the flexural
respectively.

regidity,h and H are the plate thicknessand the top shieldheight



... ,, DPST-77-504



.——

~,:. ,, ,;

~,’ “

I ;, DPST-77-504

, .



*,.
./ .’. . .

DPST-77-504

!.

I

!

/

I
/

1

/

/

/

/

/
I

,:



~pg-77-so4

L
2—

0

?

\

‘+‘r. ,

YQ~.1

~

. :$&::;,

— .—.. —

1

m“

1’

L. ._’ l–:

1:
1.

— —

1, .

.

~

—.~.. -.—~. i ,:,0 ... ____

,4 B a 10

\;

(a)

,0

‘“”-
.6

~

1%

:—. _

~.

1:3-2.——- —
$.* “
7 ’11:

&
..2-—--- r -,

J(j .,‘–, ,0q:QN..J i
-.6---— lLIJ .-–—&. –./

1’
I

,,, :-.
,,

,.-.
~,.

I



,

1

.--.+. —

I SY/
–\c4 Id

——

— .& r.&

!-

6

km
“75

—
(.2
A
M

u



,.. .
. .. .

1 0 (A

— —--

_ _- —...

——- ..—

—— —..

L_—..—
,—. -——

1

I
I

j
—.

‘-T

—.. —..+
I

I

_-l-

-....——. ———.—. .,—.. —....—. —.. -.—

I

I

II

xl–
—
c--L_
0*-.

-3?5-
+

II

1

. . . ..— ——

Wi-LL-lSdG
,.



I

I

1.

}

1

.. . . .
., .,..

-6’

r-s

.—. —
–––Tr-

IL
II
II
II

DPST-77-504

\

7
-! . . .. . . . . . ..

.-. .r— -J-

II -—

II ii

I


